GEOLOGIC SETTING
Andesitic to rhyolitic volcanic rocks of the central San Juan volcanic field, along with associated base-and precious-metal epithermal veins, are classic examples of large-volume continental volcanism and ore deposits. They have been studied intermittently since early in the twentieth century (Emmons and Larsen, 1913; Cross and Larsen, 1935; Larsen and Cross, 1956) , culminating with the detailed study of the Creede mining district by Steven and Ratté (1965, 1973) and regional field and volcanological studies (Lipman and others, 1970; Steven and others, 1974; Steven and Lipman, 1976) . While much had previously been learned about the evolution of several complex caldera clusters from which at least 22 major ash-flow sheets (each 150-5,000 km 3 ) were erupted at 30-26 Ma, recent mapping and other research initiated in support of the Creede Scientific Drilling Project (Bethke and Lipman, 1987; Bethke and Hay, 2000) has provided major new insights for the regional stratigraphic sequence, duration of volcanism, eruptive processes, magmatic evolution, and regional structure in the central part of the volcanic field.
Many of the major map units and caldera features of the central San Juan area are described more completely by Lipman (2000) . The present geologic map constitutes basic documentation for interpretations developed in that report, which provides additional information for understanding regional volcanism and structure.
VOLCANISM
The San Juan Mountains are the largest erosional remnant of a composite volcanic field ( fig. 1, sheet 3 ) that covered much of the southern Rocky Mountains in middle Tertiary time (Steven, 1975) . The San Juan field consists mainly of intermediate-composition lavas and breccias, erupted about 35-30 Ma from scattered central volcanoes (Conejos Formation) and overlain by voluminous ash-flow sheets erupted from caldera sources (Lipman and others, 1970) . At about 26 Ma, volcanism shifted to a bimodal assemblage dominated by trachybasalt and silicic rhyolite, concurrent with the inception of regional extension during establishment of the Rio Grande rift.
Preserved rocks of the San Juan field now occupy an area of more than 25,000 km 2 and have a volume of about 40,000 km 3 . They cover a varied basement of Precambrian to lower Tertiary rocks along the uplifted and eroded west margin of the Late Cretaceous to early Tertiary (Laramide) uplifts of the Southern Rocky Mountains and adjoining portions of the San Juan Basin on the eastern Colorado Plateau ( fig. 1 ). The San Juan field is one of many loci of Tertiary volcanic activity-including the Sierra Madre Occidental, Trans-Pecos, Mogollon-Datil, Absaroka, Challis, and Lowland Creek fields-that developed along the east Cordilleran margin of the North American plate, probably in a complex response to changing subduction geometry along its west margin.
In the central San Juan Mountains ( fig. 2 , sheet 3), eruption of at least 8,800 km 3 of dacitic-rhyolitic magma as nine major ash flow sheets (individually 150-5,000 km 3 ) was accompanied by recurrent caldera subsidence between 28.3 Ma and about 26.5 Ma (Ratté and Steven, 1967; Lipman and others, 1989; Lipman, 2000) . Voluminous andesitic-dacitic lavas and breccias were erupted from central volcanoes prior to the ash-flow eruptions, and similar lava eruptions continued within and adjacent to the calderas during the period of more silicic explosive volcanism (Lipman and others, 1978) . Exposed calderas vary in size from 10 to 75 km in maximum dimension, the largest calderas being associated with the most voluminous eruptions (table 1) . Caldera-subsidence features that likely accompanied initial explosive eruption of the Masonic Park Tuff are entirely concealed beneath younger rocks and structures in the central San Juan region. The giant La Garita caldera (35 x 75 km) collapsed in at least three successive northward-migrating segments during eruption of the Fish Canyon Tuff at 27.6 Ma ( fig. 2 ). After collapse of La Garita caldera, seven additional explosive eruptions and calderas of variably smaller size formed inside La Garita depression during about one million years (table 1) . In one sense, the younger caldera systems constitute large postsubsidence volcanoes associated with a La Garita megacaldera cycle. Even the incompletely understood Cochetopa Park caldera, mainly lying north of the map area, appears to have been the site of at least modest subsidence during Fish Canyon eruptions of the La Garita cycle.
Erosional dissection to depths of as much as 1.5 km has exposed diverse features of intracaldera ash-flow tuff and interleaved caldera-collapse landslide deposits that accumulated to multi-kilometer thickness within concurrently subsiding caldera structures. The calderas display a variety of postcollapse resurgent uplift structures, and caldera-forming events produced complex fault geometries that localized late mineralization, including the epithermal base-and precious-metal veins of the well-known Creede mining district (Steven and Ratté, 1965; Wetlaufer and others, 1979; Foley and others, 1993; Barton and others, 2000) . Most of the central San Juan calderas have been deeply eroded, and their identification has been dependent on detailed geologic mapping ( fig. 3 , sheet 4). In contrast, the primary volcanic morphology of the symmetrically resurgent Creede caldera has been exceptionally preserved because of rapid infilling by moat sediments of the Creede Formation, which were preferentially eroded during the past few million years.
The ash-flow tuffs and calderas of the central San Juan region ( fig. 4 , sheet 4) have been widely recognized as exceptional sites for study of explosive volcanic processes (Steven and Ratté, 1965; Ratté and Steven, 1967; Steven and others, 1969; Steven and Lipman, 1976) . The geologic mapping reported here provides a framework for diverse volcanologic, geochronologic, and petrologic studies that are generating new insights into processes of pyroclastic eruption and emplacement, geometric interrelations between caldera subsidence and resurgence, the petrologic diversity of sequential ash-flow eruptions, recurrent eruption of intermediate-composition lavas after each caldera-forming event, associated regional fault development, volume relations between ash-flow eruptions and associated calderas, the emplacement of subvolcanic batholiths, and involvement of mantle-derived mafic materials in magma-generation processes (Lipman and others, 1989 (Lipman and others, , 1996 (Lipman and others, , 1997 Lipman, 2000; Riciputi and others, 1995; Bachmann and others, 2002; Schmitz and Bowring, 2001; Parat, 2001) .
Lavas, volcaniclastic sedimentary rocks, and intrusions emplaced concurrently with ash-flow tuffs in the central San Juan Mountains are here interpreted as defining multiple caldera cycles, based on affinities of geographic distribution and stratigraphic sequence, isotopic age and paleomagnetic pole positions, and petrologic character (tables 1, 2). Interpretation of some units remains ambiguous, however, especially assignment of certain lavas to the late stages of one cycle versus inception of the next one. The revised interpretations of caldera geometry and regional volcanic history (fig. 5 , sheet 4) build upon the earlier syntheses (Lipman and others, 1970; Steven and Lipman, 1976) , utilizing general concepts of caldera geometry and eruptive cycles summarized by Smith and Bailey (1968) and Lipman (1984 Lipman ( , 1997a . These overview papers provide a useful framework for detailed interpretations of the map relations depicted here.
Briefly, many large ash-flow calderas such as those in the San Juan field form at sites of preceding volcanism that records shallow accumulation of caldera-related magma. Large eruptions (>50-100 km 3 of ash-flow magma) cause caldera collapse concurrently with volcanism, as indicated by thick intracaldera ash-flow fill and interleaved collapse slide breccias. Volumes of intracaldera and outflow tuff tend to be subequal; correlation between them is commonly complicated by contrasts in abundance and size of phenocrysts and lithic fragments, degree of welding, devitrification, alteration, and even chemical composition of magmatic material. Structural boundaries of calderas commonly are single ring faults or composite ring-fault zones that dip steeply. Scalloped topographic walls beyond the structural boundaries of most calderas are due to secondary gravitational slumping during subsidence. The area and volume of caldera collapse are roughly proportional to the amount of erupted material. Postcollapse volcanism may occur from varied vent geometries within ash-flow calderas; ringvent eruptions are most common in resurgent calderas, reflecting renewed magmatic pressure. Resurgence within calderas may result in a symmetrical dome or more geometrically complex forms. In addition to resurgence within single calderas, broader magmatic uplift occurs within some silicic volcanic fields, reflecting isostatic adjustment to emplacement of associated subvolcanic batholiths. Large intrusions related to resurgence are exposed centrally or along the margins of some deeply eroded calderas. Hydrothermal activity and mineralization accompany all stages of ash-flow magmatism, becoming dominant late during caldera evolution. Much rich mineralization formed millions of years later than caldera collapse, where the caldera served primarily as a structural control for late intrusions and associated hydrothermal systems.
STRUCTURE
Structural features of the central San Juan Mountains (fig. 6 , sheet 4) involve complex interactions between diverse localized faulting associated with volcanism, especially the large calderas, and effects of west-southwest-directed regional extension associated with inception of the Rio Grande rift zone (Lipman, 2000, fig. 14) . Many faults are exposed within the map area, but erosion levels are insufficient to expose any ring faults directly related to caldera collapse, such as those well exposed within the Lake City and Silverton calderas in the western San Juan Mountains . A distinctive area of rectilinear faulting, within and adjacent to the southern segment of the enormous La Garita caldera, appears to have accommodated early piecemealstyle collapse, probably initiated during precursor eruption of the Pagosa Peak Dacite (Lipman, 2000) ; some of these faults localized continued subsidence in the southern segment during subsequent eruptions of Fish Canyon Tuff.
Several fault clusters are related to resurgent uplift of caldera floors. Especially conspicuous is the Deep Creek graben along the keystone crest of the steep-sided Snowshoe Mountain dome within the Creede caldera (Steven and Ratté, 1965) . Other resurgent structures include the graben faults of the Creede mining district that were also initiated as keystone faults on the elliptical resurgent uplift within the Bachelor caldera , faults bounding trap-door-style uplift of the San Luis Peak block within the caldera associated with eruption of the Nelson Mountain Tuff, and probably also the faults that cut intracaldera Fish Canyon Tuff in the uplifted block of La Garita Mountains.
Another group of structures are linear grabens and other faults ( fig. 6 ) adjacent to calderas that appear largely to have initially been established during segmented subsidence of La Garita caldera, then passively buried by younger tuff sheets and lava flows. These include the Los Pinos and Cochetopa grabens that connect La Garita Mountain segment to the Cochetopa caldera across the Continental Divide at the north margin of the map area, some faults of the Clear Creek graben to the west of the central segment, and perhaps initial faulting along the Rio Grande graben to the southeast of the central segment. The southwestern bounding faults of the Clear Creek graben appear to have controlled a subparallel segment of La Garita caldera-wall unconformity, along which Carpenter Ridge Tuff and younger units are depositionally banked against steep slopes without major later faulting. In contrast, northeastern bounding faults from Bristol Head to Spring Creek Pass (sheets 1, 2) had continued later movement, after eruption of the Nelson Mountain Tuff. Much of the structure beneath the heavily moraine-mantled floor of the Clear Creek graben, previously interpreted as a complex of graben faults (Steven, 1967) , is here alternatively interpreted as a weakly faulted synclinal sag, in which caldera-filling ash-flow sheets banked with varied dips and hinging of foliation against the combined graben and calderawall paleotopography within La Garita caldera. To the southeast (Wolf Creek Pass quadrangle), the Pass Creek fault zone runs between the central caldera cluster and the Platoro caldera complex (southeast of map area), involving displacements younger than Fish Canyon Tuff and modest associated hydrothermal alteration (Lipman, 1975, p. 110-111) .
During late stages of San Juan volcanism, the Rio Grande rift zone became active within the present-day San Luis Valley area to the east of the San Juan Mountains ( fig. 1 ), but only a few northwest-trending faults within the map area have appropriate geometry and timing to clearly reflect such regional tectonism (Lipman and Mehnert, 1975) . Northwest-trending faults of the Rio Grande graben cut basaltic lava flows of the Hinsdale Formation dated at about 24 Ma south of South Fork, and the late movement along the Bristol Head master fault of the Clear Creek graben suggests that faults localized by and initially active during formation of La Garita caldera also were influenced by regional stresses associated with initial southwestward-directed extension along the Rio Grande rift zone.
METHODS OF STUDY
Geologic mapping, initiated to characterize the geologic setting for the Creede Scientific Drilling Project (Bethke and Lipman, 1987) , was gradually expanded to cover the entire central caldera cluster as multiple stratigraphic, structural, geochronologic, and volcanologic problems emerged. New field studies by Lipman totaled about 55 weeks, mainly between 1986-89 (in part, jointly with David A. Sawyer) and 1995-99 (in part, jointly with Olivier Bachmann and Michael Dungan). Additional assistance in fieldwork was provided by Douglas Yager (1989 ), Christian Huber (1997 ), Olivier Roche (1998 ), and Charles Perring (1999 . Small parts of the present map area were recompiled from published sources, such as the detailed mapping of the Creede district by Steven and Ratté (1965, 1973) ; all areas that required significant reinterpretation were remapped ( fig. 3 ). Fieldwork and primary map compilation were at a scale of 1:24,000, using 7.5' topographic quadrangle maps as base materials (fig. 3) ; these data are included as digital files in the accompanying CD-ROM. In total, 208 map units were distinguished.
The database was compiled using ArcInfo GIS software and the ALACARTE interface (Wentworth and Fitzgibbon, 1991) , mainly by Joel Robinson, with supplemental contributions by Dillon Dutton, Tracey Felger, and David Ramsey. The geologic map data were transferred to the 1:50,000-scale county map series by GIS methods in order to provide a more legible base than would have been possible by photo reduction of the 1:24,000-scale quadrangle maps. A drawback of the county map series, however, is that some areas, compiled from older 1:62,500-scale topographic maps, do not register precisely with the more recent 1:24,000 topography. Thus, some contacts of geologic units, especially where near horizontal, do not precisely fit the generalized contours at the 1:50,000 scale. The improved readability of the base, especially for steep mountain areas, is considered to be more important for most potential users than this drawback. In the Description of Map Units, references to locations on the map and the accompanying database are by abbreviations of the 7.5' quadrangle names (fig. 3) ; for example, the Creede quadrangle is referenced (CR).
Volcanic rock names are used in general accord with the IUGS classification system (Le Bas and others, 1986) ; in particular, the term "silicic dacite" is now used in place of quartz latite. Most of the volcanic rocks constitute a high-K assemblage that is transitional between subalkaline and alkaline suites, similar to those at other Tertiary volcanic fields in the southern Rocky Mountains. For simplicity and continuity with previous usage, such modifiers as "high-K" or "trachy" are omitted from most rock names. Names, divided on the basis of percent SiO 2 , are <52, basalt; 52-57, basaltic andesite; 57-62, andesite; 62-66, dacite; 66-70, silicic dacite (quartz latite); 70-75, rhyolite; >75, silicic rhyolite (all compositions for bulk-rock analyses recalculated to 100% volatile-free, all FeO as Fe 2 O 3 ). Phenocryst assemblages serve to distinguish many of the major tuff sheets (table 2) . Cited chemical and petrographic data are from Ratté and Steven (1967) , Lipman (1975) , Whitney and Stormer (1985) , Whitney and others (1988) , Webber (1988) , Askren and others (1991) , Yager and others (1991) , Riciputi (1991) , Riciputi and others (1995) , Bachmann and others (2000) , and Lipman (unpub. data) . All published and new major-oxide and trace-element analyses (about 1,000 samples) for the central caldera cluster, compiled by stratigraphic unit as determined for the current map, have been tabulated in a separate report (Lipman, 2004) ; locations of analyzed samples are plotted in the digital map release. Sanidine compositions, initially determined from x-ray cell parameters (Lipman, 1975) and later by electron-microprobe analysis (Lipman and Weston, 2001; Lipman, unpub. data) , have also provided useful discriminants to test correlations among some tuff sheets. Mineral-chemical data for other phenocrysts (biotite, augite) show less variation among central San Juan tuff units.
Revised values for pre-1977 K-Ar radiometric ages for San Juan rocks are taken from the compilation by Hon and Mehnert (1983) , which utilizes the presently accepted IUGS decay constants. Recent 40 Ar/
39
Ar dates, all incremental-heating plateau ages unless otherwise indicated, are mainly from Lanphere (1988, 2000, and unpub. data) . All other 40 Ar/
Ar ages are adjusted to the calibrations of Lanphere (1988) ; these result in Oligocene ages about 1 percent younger than those reported for San Juan rocks by some other labs (for example: Kunk and others, 1985; Balsley and others, 1988; Lipman and others, 1996) . Age determinations from within the study area (49 localities; in total, 61 mineral and wholerock ages) are plotted on the geologic map. Interpreted preferred ages (table 1; some unit descriptions) are influenced by stratigraphic relations, supplemented by additional age determinations from beyond the present map area; interpretive problems with ages for some units are discussed in Lipman (2000) .
Cited paleomagnetic-pole directions for the central San Juan rocks are partly from published sources (Tanaka and Kono, 1973; Diehl and others, 1974; Lipman, 1975; Elwood, 1982) but include many recently determined values (Rosenbaum and others, 1987, unpub. data; L. Brown, unpub. data) In addition to technical assistance by numerous geologists, as noted or referenced above, I thank many friends in the San Juan region who provided diverse hospitality, logic support, help with back-country and property access, and other assistance over many years: in the Creede area, Bea Collerette and Dianne Gaudette of Broadacres Ranch, Robert Brown and Bill Dooley of Humphreys 
DESCRIPTION OF MAP UNITS
[Locations are indicated by 7.5' quadrangle names (abbreviated in fig. 3 (Lipman and Mehnert, 1975) . Occurs mainly in southeastern and northwestern parts of map area (sheets 1, 3) Thb Basaltic flows-Mesa-capping erosional remnants of fine-grained dark-gray lava flows of silicic alkalic olivine basalt (trachybasalt) and basaltic andesite (52-57% SiO 2 ). Small sparse olivine phenocrysts, partly altered to rusty brown iddingsite, are typical. No obvious eruptive vents or concentrations of vent scoria were identified within the surviving erosional remnants of this unit within the map area. A conspicuous circular undrained depression in basalt along the flat crest of Fish Canyon Ridge (northwest corner, MM) appears to be a preserved lava drain-out feature, rather than a vent; no scoria, cinders, or oxidized rocks are present. K-Ar whole-rock ages (Steven and others, 1995) (Lipman, 1975) . Thickness, 0-25 m
OLIGOCENE VOLCANIC ROCKS

ROCKS OF THE CREEDE CALDERA CYCLE
The near-pristine morphology of the Creede caldera, which formed during eruption of the Snowshoe Mountain Tuff ( fig. 5A , sheet 4), is spectacularly preserved for an Oligocene volcano, because erosion by the Rio Grande has preferentially removed weakly indurated caldera-filling sediments during the past few million years (Steven and Ratté, 1965) . Definitive evidence of relations between rocks of the Creede caldera and the San Luis caldera complex has been frustratingly elusive, despite detailed mapping and abundant (but inconsistent) geochronologic data; the Creede caldera is tentatively interpreted as younger, based on diverse field and petrologic evidence (Lipman, 2000, p. 39, Creede Formation-Moat sediments. After caldera collapse, sectors of the Creede caldera basin that were not filled by lava flows of Fisher Dacite were occupied by a shallow lake (Steven and Ratté, 1965; Barton and others, 2000) , and tuffaceous sedimentary deposits of the Creede Formation accumulated within the lake and on lower slopes of adjacent caldera walls (Larsen and Crossey, 1996; Heiken and others, 2000) . Original thickness of these untilted strata is at least 1,200 m, as indicated by a 700-m-elevation range in preserved surface exposures and an additional 500 m penetrated in Creede Scientific Drill Hole CCM-2 (CR; Hulen, 1992 (Steven and Ratté, 1965, 1973) . Also present as small poorly exposed patches capping some downdropped blocks within the Deep Creek graben, across the center of the resurgent dome. Several horizons of similar slide breccia near the top of intracaldera Snowshoe Mountain Tuff were penetrated in Creede Scientific drill holes (Hulen, 1992 (Lipman and others, 1989; Lipman, 2000) . After each ash-flow eruption, the associated caldera was variably filled by andesitic to rhyolitic lavas. Available isotopic ages are in the general range 26-27 Ma, but in detail, some are inconsistent with the mapped stratigraphic sequence (Lipman, 2000, fig. 11 ), even when analyzed in replicate (M.A. Lanphere, unpub. data, 1988-99) Rocks of the Nelson Mountain caldera cycle
The Nelson Mountain Tuff is the most voluminous outflow deposit erupted from the San Luis caldera complex, and its eruption was followed by growth of large postcaldera volcanoes on its east and west flanks, roughly concurrent with resurgent uplift of the caldera interior. Fieldwork in progress (2002) Welded to partly welded rhyolite-Light-gray and tan to light-reddish-brown welded tuff (71-74% SiO 2 ; 5-15% pl> sn>bi>>cpx). Dark-gray pumice fiamme, characterized by flattening ratios <10:1, are commonly glassy and set in orange-brown devitrified matrix, forming colorful "halloween" rock (glassy black pumice lenses in devitrified red-brown matrix). Locally intensely zeolitized or argillically altered. Best exposed along Saguache Creek (SA), where tuff ponded in northern moat of La Garita caldera and at least four welded zones are separated by less welded tuff. Grades into less welded tuff (Tnn).
Thickness, 0-200 m Tnn
Nonwelded to partly welded rhyolite and silicic dacite-Gray porous pumiceous tuff containing common small angular fragments of andesitic lava. In most sections, originally glassy; now widely argillized or zeolitized. Some thick accumulations are vapor-phase crystallized, even where nonwelded. Commonly poorly exposed due to weak induration and to cover by talus from welded caprock (Tnd). Flow-unit partings, locally marked by thin crystalrich surge beds and accretionary lapilli, are present in some well-exposed sections. Phenocrysts (typically 5-10% pl, sn>bi) are similar to welded rhyolite (Tnr (Steven, 1967; Steven and Ratté, 1973; Steven and Bieniewski, 1977) . Weakly welded deposits were widely eroded prior to eruption of Nelson Mountain Tuff, which directly overlies older units in many places within general distribution area of the Cebolla Creek. Distinctive normal magnetic direction (Lipman, 2000, fig. 10 (Steven, 1967; Steven and Bieniewski, 1977 (Ratté and Steven, 1967; Webber, 1988) ; dacitic intracaldera tuff is exposed locally near Lake Humphreys. More phenocryst rich and alkalic than other San Juan rhyolitic tuff sheets (Lipman and others, 1978) ) from the central caldera cluster. Much of the topographic wall of this caldera is poorly exposed or concealed beneath younger deposits; it is well exposed on the southwest slope of Bristol Head. A small southwestern erosional outlier is inferred in the Seepage Creek area (WC), based on anomalously densely welded lithic rich character of the Carpenter Ridge Tuff in this area. Thick intracaldera Carpenter Ridge Tuff, which consists dominantly of phenocrystpoor rhyolite, forms the host rocks for the economically important vein mineralization of the Creede district (Steven and Ratté, 1965; Lipman and others, 1989 (Lipman, 1975; Whitney and others, 1988; Dorais and others, 1991 Webber, 1988; Riciputi, 1991) are compositionally similar to outflow tuff of the Carpenter Ridge. Interfingers complexly with landslide and talus breccia deposits derived by gravitational slumping from caldera walls during subsidence. Widely characterized by alkali-exchange alteration involving potassium metasomatism (shown by diagonal line pattern). In extreme cases, K 2 O is >12% and Na 2 O <0.5%; unaltered alkali contents are about 5% and 4%, respectively. Least-altered rhyolitic tuff previously mapped as rhyolitic part of Mammoth Mountain Tuff (Steven and Ratté, 1973) Tcbi Rheomorphic and intrusive tuff unit-Small bodies of flow-layered rheomorphic rhyolitic tuff near Creede, typically characterized by steep dips and locally brecciated rock due to rapid deformation. Rheomorphism caused by plastic flowage of intensely welded and remobilized Willow Creek welding zone (Tcbw) while still hot. Commonly localized along early faults associated with resurgent doming of Bachelor caldera; exceptionally exposed in now-inaccessible mine workings. Locally gradational with fluidally welded rhyolite of the Willow Creek zone (Tcbw), but diapirs project into Campbell Mountain welding zone. Previously mapped entirely as flow-layered intrusions (Steven and Ratté, 1973) ; coarsely porphyritic massive rocks with seemingly euhedral phenocrysts east of lower Rat Creek, which are poorly exposed and widely altered, may be primary intrusions Tcbg Windy Gulch welding zone-Gray porous slightly welded to nonwelded tuff; consists of pumiceous and locally lithic-rich rhyolitic tuff. Originally glass or vapor-phase crystallized; now variably zeolitized, argillized, and modified by potassium metasomatism. Grades into welded rhyolite of the Campbell Mountain welding zone (Tcbc). Mapped mainly near top of intracaldera tuff; also present adjacent to landslide-breccia deposits deep in unit, but mostly too thin to show on map. Also present locally above Mammoth Mountain Member, east of East Willow Creek, where compositional zonation becomes phenocryst poor and silicic upward. Thickness variable, 10-50 m at top of Bachelor Mountain Member Campbell Mountain welding zone-Densely welded phenocryst-poor rhyolitic tuff, compositionally and texturally most similar to outflow Carpenter Ridge Tuff (Tcr). Black vitrophyre at base against caldera wall (Miners Creek) and against landslide sheets of Phoenix Park Breccia Member (Tcpl). Grades into fluidally welded rhyolite of the Willow Creek welding zone (Tcbw). Potassium-metasomatized tuff-Red-brown to purplish-gray tuff, variably affected by severe potassium metasomatism and loss of sodium (Ratté and Steven, 1967) Tcbw Willow Creek welding zone-Light-gray zone of fluidally welded rhyolitic tuff, characterized by pumice-flattening ratios >10:1, and commonly 100:1. In places, lineate due to drawn-out pumices. Flow foliation locally swirly; locally grades into rheomorphic tuff unit (Tcbi). Base not exposed except at wedge-out against rhyolite of Miners Creek (Tmr) at west caldera wall (northwest CR). Maximum thickness, >600 m, but no base exposed Tcsb Shallow Creek Breccia Member-Landslide breccia lenses, dominantly of porphyritic hornblende dacite, in western parts of caldera. Derived from precaldera volcanoes of the Conejos Formation exposed on west wall of caldera (for example, north of Bristol Head). Previously mapped as lava flows interfingering with the Bachelor Mountain Member (Steven and Ratté, 1965, 1973 
Tclt
Crystal Lake Tuff-Dominantly phenocryst-poor tan densely welded rhyolite tuff (72-74% SiO 2 ; 3-5% pl, sn>>bi), characterized by black basal vitrophyre and central lithophysal zone (Lipman and others, 1973; Steven and Lipman, 1976 Ar age (2 samples; sn), 27.5 Ma (adjusted from Bove and others, 2001) . Maximum thickness in map area, 50 m ROCKS OF LA GARITA CALDERA CYCLE The enormous La Garita caldera (35 x 75 km across in map area; 100 km if northern Cochetopa segment included) and its eruptive products define the overall geometry of the central San Juan caldera cluster ( fig. 5C, sheet 4) , all later calderas having formed within La Garita structure (Lipman, 1997b) . Its associated ash-flow sheet, the Fish Canyon Tuff, which consists of monotonously uniform phenocryst-rich dacite, has long been recognized as among the world's largest ash-flow units (at least 5,000 km 3 ). Newly identified as parts of this caldera cycle are precursor pyroclastic deposits of the lava-like Pagosa Peak Dacite (Bachmann and others, 2000) and postcaldera lava eruptions of the Huerto Andesite. The structural segments of the caldera each have differing eruptive and postsubsidence histories, even though all formed during explosive eruption of the Fish Canyon Tuff as a single ash-flow cooling unit. Initial subsidence of the southern segment may have begun during eruption of the Pagosa Peak Dacite (Lipman, 2000) ; rectilinear margins along parts of this segment (especially in Williams and Beaver Creeks) reflect influence by older faults. Multiple nested caldera-wall unconformities locally provide evidence for recurrent subsidence within the southern segment: for example, east of Williams Creek (CP), at Turkey Creek Lake (PP), and in lower Trout Creek (WC). Similarly, the linear depositional contacts of thickly ponded Blue Creek and Wason Park Tuffs along the caldera wall as mapped south of the Rio Grande (WC) may reflect precaldera initiation of faulting along the Clear Creek graben Huerto Andesite-Andesitic lava flows and volcaniclastic rocks (Larsen and Cross, 1956; Lipman, 1975; Askren and others, 1991) , forming remnants of large shield volcanoes and flanking erosional debris mainly within and adjacent to the southern segment of La Garita caldera. In this caldera segment, a mosaic of rectilinear faults cut Huerto rocks but are unconformably overlain by the next eruptive unit, Carpenter Ridge Tuff (Lipman, 2000, fig. 4 Ar age (sn), 27.66±0.09 Ma (Bachmann and others, 2000) . Maximum exposed thickness, 200 m Fish Canyon Tuff-Nonwelded to densely welded gray to light-brown ash-flow tuff of compositionally uniform silicic dacite (66-68% SiO 2 ; 40-50% pl>>sn, bi>hbl). Sparse resorbed pinkish quartz, accessory sphene, and hornblende without augite are distinctive phenocrysts (Lipman, 1975; Whitney and Stormer, 1985 fig. 5C , sheet 4). Clasts are angular and ash matrix is minor, indicating emplacement late during caldera subsidence when the eruption was waning or over. Breccia is well lithified, even where deposited on weakly indurated caldera-wall units, perhaps because the Fish Canyon blocks were still hot. Maximum thickness, >150 m Tfc Outflow tuff sheet-A single large cooling unit of light-gray to tan regional tuff; preserved as much as 100 km beyond rims of La Garita caldera. Characterized by simple welding zonation except in thick proximal sections, especially in the South Fork area, where compound welding is well developed (as many as six cooling subunits mapped locally, arbitrarily numbered). Pumice fragments are obscure in many exposures of devitrified tuff, and lithic fragments typically are sparse. Small andesite fragments are atypically common in the proximal tuff west of Williams Creek (CP). Most densely welded tuff is massive, but upper parts commonly have slabby jointing parallel to obscure compaction foliation. Rare dark pumice lenses, which lack large phenocrysts and resemble crystal-poor rhyolite in the field, contain abundant finely milled crystal fragments and are compositionally identical to the more common pumice fragments of crystal-rich dacite. Maximum thickness, 300 m; widely 50-100 m thick
Tfg La Garita Member-Intracaldera tuff. Thick densely welded gray to red-brown tuff. Pumice lenses contain phenocrysts as much as 1 cm in diameter, some with granophyric overgrowths (Lipman and others, 1997) . Partial cooling breaks present in some wellexposed sections. Differs from correlative outflow tuff in its greater thickness, denser welding, darker color, larger pumice fragments, and local presence of distinctive fragments of disaggregated granophyric granite (Lipman and others, 1997) . Grades into outflow tuff sheet (Tfc) across buried caldera wall in Cebolla Creek (MM) and east of Williams Creek Reservoir (CP). Reddish densely welded tuff is typical in La Garita resurgent block; comparably dense tuff deep in thick sections of intracaldera tuff in the southern caldera segment is dark gray, due to propylitic alteration, and in places is similar in appearance to hornblende dacite lava flows. As much as 1.1 km thick on resurgent uplift in northern caldera segment, with top eroded and no base exposed Pyroclastic-flow deposits-Nonwelded to weakly welded, light-gray deposits, containing sparse andesitic lithic fragments and well-vesiculated pumice, but lacking dense magma blobs. Present widely as a basal unit beneath lithic-bearing bloband-ash deposits (Tpbl), commonly too thin to map separately (5-10 m). Southwest of Wolf Creek Pass occurs as three local ash-flow units (not separable at published map scale) between the lithic-bearing and overlying lithic-free blob-and-ash deposits. In Goose Creek, forms several horizons of surgebedded tuff between blob-and-ash deposits (Tpb) and lava-like rocks (Tpl). Indistinguishable from main Fish Canyon Tuff (Tfc), except for presence of intervening blob-rich facies of the Pagosa Peak Dacite (Tpb). Maximum thickness, 25 m
ROCKS ERUPTED FROM THE PLATORO CALDERA COMPLEX
Multiple large ash-flow sheets of the Treasure Mountain Group, associated with recurrent subsidence at the Platoro caldera complex in the southeastern San Juan Mountains (Lipman, 1975; Dungan and others, 1989) , reached southeastern parts of the map area. These units mostly underlie marginal facies of the lithologically similar Masonic Park Tuff (Tmp), but distal parts of the youngest major ash-flow sheet, the Chiquito Peak Tuff, overlie Masonic Park Tuff. The lithologic similarities and complementary areal extents of these two tuff sheets have, until recently, been cause for considerable stratigraphic confusion (Lipman and others, 1996) Treasure Mountain Group-Multiple dacite to lowsilica rhyolite ash-flow sheets that, within the map area, become increasingly distal westward Ttc Chiquito Peak Tuff-Tan to light-brown phenocrystrich tuff of compositionally uniform dacite (64-68% SiO 2 ; 20-30% pl>>bi, cpx>sn), distinguished from similar appearing Masonic Park Tuff (Tmp) by presence of sparse sanidine phenocrysts and slightly divergent biotite compositions. Characterized by more potassic sanidine compositions (Or 64-67 ) than other tuffs of the Treasure Mountain Group (Lipman and others, 1996) , similar to later tuffs from central San Juan calderas. Andesite lithic fragments a few cm across are conspicuous. 40 Ar/
39
Ar age (sn), 28.2 Ma (adjusted from Lipman and others, 1996) . Magnetic polarity, reverse. Maximum thickness in map area, 75 m at Alberta Peak (near Wolf Creek Pass)
ROCKS OF THE MASONIC PARK CYCLE (caldera concealed)
The Masonic Park Tuff, the earliest ash-flow sheet erupted from a source in the central San Juan region, is transitional in age, petrology, and caldera location between the tuffs erupted earlier from the southeastern Platoro caldera complex and younger tuffs from the central cluster. The Mount Hope area was formerly interpreted as a caldera source for the Masonic Park Tuff , but later studies cast doubt on this interpretation (Lipman and others, 1996) . More likely, a caldera source for this tuff lies completely concealed within the southern segment of La Garita caldera Sheep Mountain Andesite-Lava flows of distinctive porphyritic andesite and minor dacite (Larsen and Cross, 1956; Lipman, 1975) , which directly overlie the Masonic Park Tuff, are exceptionally thick along the south margin of the volcanic field, suggesting proximity to a Masonic Park source concealed within the southern La Garita caldera. (Lipman, 1975, fig. 29 (Lipman and others, 1973; Lipman, 1976; Bove and others, 2001) (Lipman and others, 1973; Lipman, 1976; Bove and others, 2001) . Exposed discontinuously beyond northwest to southwest margins of central caldera cluster. Upper three sheets of phenocrystpoor rhyolite are lithologically similar and difficult to distinguish reliably in outcrop or thin section where the stratigraphic sequence is incomplete. Like tuffs of the Treasure Mountain Group to the east, sanidine phenocrysts in all the western ash-flow sheets tend to be relatively sodic, and some barium rich, in comparison to most units from central San Juan calderas Tws Sapinero Mesa Tuff-Nonwelded to densely welded gray-brown and red-brown rhyolitic ash-flow sheet (72-74% SiO 2 ; 3-5% pl>sn>bi), containing conspicuous black basal vitrophyre, erupted from the composite Uncompahgre-San Juan caldera (Lipman and others, 1973 (Lipman, 1975; Dungan and others, 1989) , reached southeastern parts of the map area. These units mostly underlie marginal facies of the lithologically similar Masonic Park Tuff (Tmp), but distal parts of the youngest major ash-flow sheet, the Chiquito Peak Tuff, overlie Masonic Park Tuff Several ash-flow sheets, exposed locally in the northeast corner of the map and more widely to the north and east, were erupted from sources beyond the present map area, perhaps from Cochetopa Park. These predate any tuffs erupted from the central San Juan caldera cluster, having ages older than much of the precaldera Conejos Formation to the south (Lipman and Calvert, 2003) . These tuff sheets overlie andesitic-dacitic lavas that are compositionally similar to the younger Conejos rocks farther south; lacking exposed interfingering relations, the Conejos cannot readily be subdivided based on field relations. The northeastern tuff units also represent an age and geographic progression toward calderarelated volcanism of lower Oligocene age in central Colorado (McIntosh and Chapin, 2004) Tuff of Luders Creek-Compositionally zoned cooling unit, changing upward from weakly welded light-tan rhyolite tuff (5-10% pl, sn>>bi) to densely welded dark-gray dacite. Within map area exposed only as small areas in northeastern SP; more widespread and thicker to north and east. Similar in appearance and phenocryst mineralogy to outflow Nelson Mountain Tuff, with which the tuff of Luders Creek had been correlated previously (Steven and Lipman, 1976, fig. 24 5-10% pl, sn>>bi), exposed within map area only as float on hill slopes beneath welded dacite (Tld). Thickness, 0-75 m Tuff of Saguache Creek-Rhyolite tuff, exposed only in the northeastern map area (SP); correlative with more widely scattered erosional remnants of this unit in adjacent areas to north and east. Similar in appearance and phenocryst mineralogy to proximal Sapinero Mesa Tuff (Tws), to which this unit had been previously assigned in adjacent areas (Bruns and others, 1971; Steven and Lipman, 1976, fig. 10; Olson, 1988) , but contains less biotite, has more sodic low-barium sanidine (Or 50 ,Ab 46 An 3 Cs 0.5 ), and is more densely welded than the distal Sapinero Mesa in nearby areas. Also similar in appearance, but different in trace-element composition from underlying upper Bonanza Tuff (Bruns and others, 1971; Varga and Smith, 1984) . 40 Ar/
39
Ar age (sn) of tuff of Saguache Creek is 31.94±0.17 Ma (Lipman and Calvert, 2003) , significantly younger than the upper Bonanza Tuff, 32.6 Ma (adjusted from McIntosh and Chapin, 2004) . The preserved distribution of this unit, widespread to the north and east of Cochetopa Park where not hidden by younger rocks (to the south and west), suggests eruption from a largely buried caldera source, centered near North Pass, northeast of the map area ( fig. 5C) (Lipman, 1975; Colucci and others, 1991) . These thick accumulations of intermediate-composition lavas and breccias, which underlie the caldera-related ash-flow sequence that dominates the central San Juan map area, constitute the volumetric bulk of the San Juan volcanic field. Subsequently deeply eroded, these early eruptive deposits are now discontinuously exposed as surviving topographic highs along margins of the ash-flow calderas. In distal areas, locally difficult to distinguish from younger suites of compositionally similar intermediate-composition lavas, which were emplaced concurrently with the ash-flow eruptions. Compositional subunits among Conejos lavas have been subdivided in varying detail, depending on degree of local diversity and quality of exposures. Proximal lavas tend to become more silicic upward, with biotite-bearing dacite and low-silica rhyolite especially abundant on northeast side of La Garita caldera. Northerly primary dips of lavas and other proximal deposits along the south mountain front suggest preservation of the north flank of a large stratovolcano centered farther south, with an intrusive core probably marked by the Jackson Mountain laccolith (Steven and others, 1974) . Northern parts of this unit, which underlie the tuff of Saguache Creek (31.9 Ma) and the Bonanza Tuff (32.6 Ma) northeast of map area, are consistently older than the widespread Conejos rocks to the south, which are mainly 33-30 Ma (Lipman and Calvert, 2003) . Maximum exposed thickness, 800 m along south margins of the caldera cluster; sections as much as 2.3 km thick have been penetrated by petroleum exploration drilling just east of the map area (Gries, 1985; Brister and Gries, 1994 Lanphere, 1988, 2000, and unpub. data; Lipman and others, 1996; Bove and others, 2001] 
